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1. Summary 

      Observations from the prototype Optical Solar Patrol Network (OSPaN) 

telescope at the National Solar Observatory/Sacramento Peak were examined to gain 

insight on the origin and dynamics of eruptive solar events.  [OSPaN is currently 

referred to as the Improved Solar Optical Observing Network (ISOON).]  Solar 

eruptions, or coronal mass ejections (CMEs), and their associated shock waves are 

principal drivers of harmful space weather effects on Air Force command, control, and 

communications systems.   Understanding how such eruptions arise and evolve is an 

essential step to mitigating their impacts.   ISOON Hα images were compared with 

observations recorded at other wavelengths (e.g., radio and extreme-ultraviolet) for two 

eruptive solar events (on 2003 June 11 and 2006 December 6).  These analyses 

provided evidence that: (1) large-scale solar waves are driven by CMEs; (2) the angular 

orientation of newly emerged flux on the solar surface relative to a stable filaments 

plays a role in how rapidly the filament is destabilized and erupts; and (3) intense solar 

decimetric radio bursts (attributed to the electron-cyclotron-maser emission mechanism) 

arise in low-density cavities, caused by field-aligned potential drops, in post-eruption 

magnetic loops  on the Sun.  These results indicate the potential of exploiting ISOON 

observations to increase our understanding of solar eruptions, a requirement for 

improved prediction and mitigation of space weather.   

2.  Introduction 

  Space weather is becoming increasingly important to modern society as 

technology advances.  A recent report commissioned by the Space Studies Board of the 

National Research Council of the American Academy of Sciences (http://lasp.colorado. 

edu/education/ journalists/solar_dynamics_ws/papers/lowres%20Severe%20Space% 

20Weather%20 FINAL.pdf) estimated that a solar event comparable to the Carrington 

1859 event (Cliver and Svalgaard, 2004; Cliver 2006) would cost the US alone on the 

order of $1-2 trillion due to lost economic activity.  Such an event would also impact on 

a variety of Air Force and Department of Defense surveillance and communications 

systems, both ground- and space-based.   

The three-year basic research effort, funded by the Air Force Office of Scientific 

Research (AFOSR), that is summarized in this Final Report was aimed at using OSPaN  

Hα data (Neidig et al., 1998) to improve our understanding of the origins of space 

weather, with the ultimate goal of reliable prediction and effects mitigation. OSPaN is 

now referred to as ISOON (Improved Optical Observing Network) and the ISOON 

acronym will be used in this report. The proposed work had had two principal foci: (1) 

understanding the origin and dynamics of eruptive solar events and; (2) investigating 

the nature and dynamics of large-scale solar waves.  We conducted studies that led to 

one published paper in the refereed literature in both of these areas and published a 
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third reviewed paper on a topic that arose somewhat serendipitously regarding an 

unusual type of radio burst that had a well-documented space weather effect.  In the 

next section, we will briefly summarize and excerpt the results reported in detail in each 

of these papers (which are Scientific Reports 1-3 under this task). 

3.  Methods, Assumptions, and Procedures 

3.1  On the Origin of the Solar Moreton Wave of 2006 December 6 

 This paper by Balsubramaniam et al. (2010) was an analysis of arguably the 
best-observed solar Moreton wave observed to date.  The Moreton wave on 2006 
December 6 (Figure 1) was associated with a large eruptive flare (3B; X6.5).  The wave 
spanned ~270º and propagated away from solar active region (AR) 10930 with an 
average speed of ~850 km s-1.  Moreton waves, first discovered ~50 years ago 
(Moreton, 1960; Athay & Moreton, 1961), represent the “skirt” of a coronal shock wave 
as it sweeps across the chromosphere, resulting in an initial depression (red-shift of the 
Hα line) followed by  rebound (blue-shift).  Twelve minutes after the wave was first 
observed at 18:43 UT, the disturbance (no longer directly observable as a wave-front in 
Hα) disrupted the large quiescent filament in the south central portion of the solar disk.   
 

As is the case with other large-scale waves on the Sun such as radio type II 
bursts and EIT waves, the origin of the Moreton waves has been controversial 
(Warmuth, 2007; Vršnak & Cliver, 2008) with a split among scientists between two 
possible sources: a flare-generated pressure pulse or a high-speed coronal mass 
ejection (CME).  The most recent studies (e.g., Chen, 2006; Gopalswamy et al., 2008; 
Veronig et al., 2008; Temmer et al., 2009; Muhr et al., 2010; Veronig et al., 2010; 
Schrijver et al., 2011) favor the CME origin, and our analysis of the 2006 December 6 
event falls in this category. 
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Figure 1:  Overview of the Solar Eruption and Moreton Wave of 2006 December 6 
 

In Figure 1, The Hα image was been scaled to enhance the wave.  The large 
arrows indicate the position of the wave at 18:47 UT.  The smaller arrows indicate the 
positions of the filaments that were disrupted by the wave at the given times as it 
propagated outward from AR 10930.   
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    Figure 2: Time Profiles of the Modeled                     Figure 3: (Top) Normalized Hα  
Lateral Velocities of the Flare Pressure Pulse  Intensity of the 3B Flare as a Function  
and Wave (Red Solid/Dashed Line) and CME   of Time and (Bottom) GOES Intensity 
Lateral Expansion and Wave (Black Solid/             and Derivative 
       Dashed Line)          
 

 As seen at the top of Figure 3, the explosive phase was from 18:42-18:43 UT.  
The dashed line (center graph) represents the impulsive phase onset. 
 

Our preference for a CME driver is based on: (a) the kinematic analysis shown in 
Figure 2; (b) the magnetic force profile in Figure 4; and (c) the relationship of the wave 
to the magnetic arcade as shown in Figure 5.  The velocity profile for the pressure pulse 
scenario in Figure 2 is highly constrained. The onset of the flare pressure pulse is taken 
to be 18:42 UT based on the ISOON Hα and GOES 1-8 Å intensity curves in Figure 3.    
The modeled velocity profile has a rather unphysical appearance and requires extreme 
values of the parameters involved (pressure pulse acceleration of 100 km s-2 for 20 s to 
yield a VO = 2000 km s-1, followed by an average deceleration of -10.2 km s-2) to match 
the observations, i.e., the wave onset time and initial distance from the radiant point and 
the initial measured velocity and deceleration rate. The magnetic force profile in Figure 
4 was calculated from GONG magnetograph measurements at Cerro Tololo.  The 
velocity profile for the CME scenario in Figure 2 is based on the assumption that the 
peak in the force (from 18:40-18:44 UT) corresponds to the cataclysmic rearrangement 
of magnetic field that marks the main acceleration phase of the CME.  In this scenario, 
the velocity profile has a more natural appearance than that obtained for the flare 
pressure pulse driver.   Figure 5 shows the relationship of the first wave contours to the 
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magnetic arcade to the west of the main flaring region.   The wave contours were 
obtained from the ISOON red-wing Hα observations.  We argue that the eruption of this 
arcade of relatively weak field gave rise to the Moreton wave which appeared to form off 
its flanks in the south where the wave amplitude was largest.  

 

      
        
 Figure 4:  Time Variation of the Net Down-     Figure 5: TRACE Image at 08:01 UT 
ward Lorentz Force on the Photosphere as   Showing the Western Arcade That We 
Calculated from the Measured Longitudinal        Link to the Moreton Wave (White Arrows) 

Magnetic Field Change   and the Eastern Arcade Associated with 
               the Main Flare (Black Arrows) 

      
In Figure 4, the vertical lines indicate the inferred time of the main acceleration 

phase of the CME.  As seen in Figure 5, the wave contours at 18:43 and 18:44 UT (in 
red) conform to the boundary of the weak arcade in the south. 
 
3.2 The Disappearing Solar Filament of 2003 June 11: A Three-body Problem 

 This paper by Balasubramaniam et al. (2011) examined the circumstances that 
led to the disruption of a large quiescent filament on 2003 June 11 (Figure 6).  The 
disappearing solar filament (DSF) was preceded by the birth of a nearby active region 
(AR) 10381, first noted in Hα on June 9.  The emergence of new magnetic flux in the 
vicinity of a filament prior to its eruption is a fairly common occurrence.  What is different 
in this case, however, is that the filament was adjacent to an established AR (10380) 
and the interaction between new AR 10381 and the filament proceeded indirectly via 
established region 10380.  Thus, we are dealing with a three-body problem.  We used 
this unusual event to gain insight on the general question of how emerging flux disrupts 
solar filaments. Specifically, we asked, “What can this event tell us about how the 
magnetic disturbance represented by newly emerging flux ‘propagates’ to a filament?  
Does it take a shortest path to the chromospheric neutral line (or filament channel) or 
can it take a different route to the filament?”  
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Figure 6:  ISOON Telescope Images of the Disappearing Solar Filament of 2003 June 11 
 

 In Figure 6, the first frame (at 16:08 UT) shows the positions of established active 
region 10380 and newly formed region 10381. 
 

As an analysis tool, we used Bruzek’s empirical relationship between the 
distance from newly emerging flux to a filament and the time from the first observation 
of a new active region until filament disappearance (Figure 7).  From his analysis, 
Bruzek (1952) obtained a typical disturbance propagation rate of 5-6 km s-1.  Wang & 
Sheeley (1999) subsequently showed that quiescent filaments were disrupted when 
newly emerged flux reconnected with the magnetic fields of arcades overlying the 
filament, thereby diverting or opening up some of the overlying field, and initiating 
eruption. 
 
 For the 2003 June 11 DSF, SOHO EIT images and potential field models indicate 
that the destabilizing disturbance from AR 10381 propagated to the filament via 
established region 10380.  As a result of the interaction between new region 10381 and 
old region 10380, newly unbalanced positive polarity field in the south of 10380 
reconnected with the negative polarity field on the northern flank of the filament, 
resulting in the divergence and removal of the overlying magnetic arcade.  Figure 7 
shows that if the magnetic disturbance had propagated directly from region 10381 to the 
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filament, the data point for this event (open triangle) would have lain directly on the 
regression line through Bruzek’s data, implying a rate of 5-6 heliographic degrees day-1.  
Instead, the actual data point for this event (filled triangle), based on the distance from 
the centroid of established AR 10380 to the base of the “bulge” of the filament where 
the eruption originates, lies at the upper edge of the scatter, yielding a disturbance 
propagation rate of  ~11º day-1.  To first order, the scatter in Bruzek’s plot will be 
affected by both the rate of new flux emergence and the strength of the “tie-down” fields 
over a filament.  Here we suggest that the orientation of the new flux relative to the 
filament also plays a role.  Intuitively, a broadside “attack” on the coronal fields around a 
filament, as was the case for the 2003 June 11 DSF (following the repositioning of the 
effective emerging flux as a result its interaction with the “third body”), may be more 
effective than an attack from one end because a larger extent of the tie-down arcade is 
affected. In addition, the magnetic disturbance due to newly emerging flux may not need 
to travel as close to the filament to destabilize it from the side, resulting in a shorter 
effective distance and a faster apparent propagation rate. 

  
Figure 7:  A Modified Version of Bruzek’s (1952) Scatter Plot of the Distance Between 

New Active Regions and Quiescent Filaments vs. the Time Between Active Region 
Appearance and Filament Disappearance 

In Figure 7, the filled circles represent Bruzek’s data. The open triangle is based 
on the assumption that the magnetic disturbance propagated from region 10381 to the 
western tip of the filament, and the filled triangle is based on the evidence that the 
destabilizing disturbance propagated from 10380 (after its interaction with 10381) to the 
central bulge of the filament from where the eruption began. The dashed line shows a 
linear fit, forced to go through the origin, of Bruzek’s data.  
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3.3   The Solar Decimetric Spike Burst of 2006 December 6: Possible Evidence for 
Field-aligned Potential Drops in Post-eruption Loops 
 
 In this paper by Cliver et al. (2011), we examined the origin of a large decimetric 
burst that caused significant signal-to-noise (S/N) degradation on Global Positioning 
System (GPS) receivers (Cerutti et al., 2008).  The peak flux density of the L-band (1.4 
GHz) burst recorded by the Owens Valley Solar Array (OVSA) in association with the 
3B/X6.5 flare on 2006 December 6 (see section 2.1) was ~106 sfu (Gary, 2008; 1 sfu = 
1 solar flux unit = 1 x 10-22 W m-2 Hz-1), several times larger than the largest event 
previously recorded in this frequency range.  The time profile of this burst is given in 
Figure 8, along with those of three other L-band bursts observed during solar cycle 23 
that had peak intensities > 105 sfu.     
 

 
 

Figure 8:  Great (>105 sfu) Decimetric Radio Bursts on (a) 2006 December 6; (b) 2006 
December 13; (c) 2006 December 14; and (d) 2002 April 2 

 

In Figure 8, the data are plotted at 1-second time resolution. For the event on 
December 14, OVSA recorded a burst at 1.6 GHz (not shown) with a peak intensity of 
~1.5 x 105 sfu at 1.6 GHz. 
 

Approved for public release; distribution is unlimited.



Approved for public release; distribution is unlimited.

The great decimetric burst on 2006 December 6 was also observed by the 
Frequency Agile Solar Radiotelescope Subsystem Testbed (FST; Liu et al. 2007) at 
Owens Valley. During the brightest emission in the December 6 event, the FST, which 
directly samples the 1.0-1.5 GHz frequency range with a Gigabit-per-second digitizer for 
100 microseconds every 20 milliseconds, recorded many hundreds of intense 
narrowband (3-4 MHz) spike bursts per second in the GPS frequency range, with 
individual spikes having durations of less than 20 milliseconds (Gary 2008; Gary et al. 
2011 ). A short sample of burst, near the time of peak intensity, is shown in Figure 9. 

1400 

N' 
~ 1300 
~ 

>. 
0 c: 
~ 
:J 

~ 1200 
u. 

1100 

Baseline 1 Time (UT) Amp range 0:773 

Figure 9: Detail of a FST High-Temporal- and High-Spectral-Resolution 
Spectrogram (for 1000-1500 MHz) for -4 Seconds Near the End of the Most 

Intense Part of the Great Decimetric Burst on 2006 December 6 

The extreme burst intensities in spike bursts indicate a coherent emission 
process, such as plasma emission (Zheleznyakov & Zaitsev 1975; Kuijpers et al. 1981) 
or electron cyclotron maser (ECM) emission (Wu & Lee 1979; Holman et al. 1980; 
Melrose & Dulk 1982). The plasma mechanism accounts for solar type Ill bursts while 
ECM emission is the favored interpretation of both Jupiter's decametric radio emission 
and Earth's auroral kilometric radiation (AKR) (Melrose 2009). Gary et al. (2011) 
interpret the spikes in the December 6 event in terms of ECM emission. Plasma 
emission is based on the "bump-on-tail" instability (of/ovl l> 0) while the free energy in 
the ECM process is derived from positive oflov1. (in the usual case of a loss-cone driven 
maser). As of yet neither the plasma nor the ECM emission mechanism has been fully 
successful in explaining the characteristics of solar spike bursts (e.g., Benz 1986, 
Messmer & Benz 2000, Battaglia & Benz 2009). The plasma hypothesis is challenged 
by the small bandwidths and the high brightness temperatures of decimetric spikes 
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(Benz 1986). The condition for ECM emission to occur (electron cyclotron frequency 

(fce) ≳ plasma frequency (fpe); Melrose & Dulk 1982; Benz 2004; Treumann 2006) does 

not apply throughout the low corona (Benz 1986, 2004), and is only likely to be satisfied 
either in strong-field regions just above sunspot umbrae or in low-density ducts in the 
low corona. The ECM emission mechanism has an additional problem at the Sun. It has 
long been recognized (Holman et al. 1980; Melrose & Dulk 1982) that escape of 
fundamental ECM emission is difficult, if not impossible, because of thermal gyro-
absorption at the second harmonic in the overlying plasma. Various solutions have been 
proposed for this problem but none has been generally accepted.  Thus both the nature 
of spike bursts and the escape of ECM emission at the Sun remain in question. 

 
Surprisingly, given the intensity of the radio emission, the strongest emission in 

the 2006 December 6 burst and the other three events in Figure 8 favors the delayed 
gradual part of the event (as observed in soft X-rays), rather than the early impulsive 
part of the flare, generally taken to be the most energetic phase of a flare (e.g., Hudson 
2011).  Late phase flare phenomena such as secondary microwave peaks (Cliver, 
1983) and gradual hard X-ray bursts (Cliver et al., 1986) have been attributed to particle  

 

 
 

Figure 10:  ISOON Hα Images at 18:50 UT (a), 19:12 UT (b), and 19:36 UT (c) of the 
3B/X6 Flare on 2006 December 6 

 
 

In Figure 10, the arrow in (a) points to a ray that exhibited a whip-like movement 
toward the south at 18:56 UT.  The dashed oval in panel (b) indicates the two-ribbon 
flare linked to the Moreton wave analyzed by Balasubramaniam et al. (2010).  The post-
eruption loop system (PeLS) associated with the great decimetric burst is indicated in 
panel (c). 
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acceleration at X-type neutral points in the wake of CMEs and electron trapping on post-
eruptive loop systems (PeLS).  A comparison of the 1.4 GHz intensity time profile in 
Figure 8(a) with ISOON images in Figure 10 confirms that the peak emission comes 
during the time when the PeLS is most prominent. 
 

In Cliver et al. (2011) we suggested, by analogy with AKR radio emission in 
Earth’s magnetosphere, that the condition for ECM emission at the Sun is met for the 
four events in Figure 8 because of field-aligned potential drops – that give rise to density 
depletions – in the post-eruption loop systems observed for each of these events.  Such 
potential drops are observed in situ for AKR sources in the magnetosphere.  Moreover, 
there is a suggestion that the vertical alignment of such cavities may aid in the escape 
of ECM emission by ducting the radiation toward weaker magnetic field regions.  A 
schematic depicting our view of these late intense decimetric bursts – that are linked to 
S/N degradation on GPS receivers – is given in Figure 11.  
 

 
Figure 11:  Schematic Showing How ECM Emission Might Arise in a Post-Eruption Loop 

System as a Result of Late-Phase Reconnection (Particle Acceleration) at an X-Type 
Neutral Point (or in a Neutral Current Sheet) and a Magnetic Field-Aligned Potential Drop 

(Density Depletion) 
 

4. Results and Discussion 
 
 In this effort, we used ISOON observations, in conjunction with other space-
borne and ground-based solar observations to gain insight into the eruptive solar activity 
that is the principal driver of severe space weather.  We view the primary results of this 
work to be the attention that we have focused on: (1) the relationship between magnetic 
field changes, the impulsive phase of flares, and the main phase of CME acceleration; 
(2) the relative orientation of newly-emerged active regions and nearby quiescent 
filaments as a variable (source of scatter) in Bruzek’s distance vs. time relationship 
connecting flux emergence with filament disappearance; and (3) a plausible scenario for 
ECM emission generation and escape at the Sun involving field-aligned potential drops. 
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 While we have argued for a CME driver for the Moreton wave in the 2006 
December 6 eruptive flare, the evidence is more suggestive than compelling.  More 
definitive evidence on this point is currently being provided by the imaging assembly on 
board the Solar Dynamics Observer.  In a similar vein, the suggestion that there is a 
connection between the rapid change of the photospheric magnetic field and the main 
acceleration phase of coronal mass ejections, while intriguing, will need to be 
substantiated using a large sample of events.  The two data points for the disappearing 
filament on 2003 June 11  in Figure 7 suggest that the angular orientation of newly 
emerged flux to a stable filament should to be taken into account if one is to use the 
relationship in the figure to infer eruption onset.  More generally, this event shows that 
the general magnetic environment of the filament needs to be considered.    Finally, the 
preference for intense decimetric bursts to occur in the delayed gradual phase of flares 
and to (apparently) favor certain active regions opens the possibility for providing 
warnings for at least some GPS outages.   
 
5. Conclusion 
 
 The Sun has been observed continuously in Hα for over 75 years.  Beyond the 
specific results summarized and discussed in the preceding section, the work 
conducted under this task has demonstrated the value of the state-of-the-art ISOON 
patrol telescope for modern solar research, particularly when the Hα data are combined 
with other observations, on either side of the spectrum from the 6563 Å line.  Further 
opportunities for exploitation of ISOON data are offered by the current fleet of space 
missions and the growing capabilities of ground-based radio instruments such as the 
pending Frequency Agile Solar Radio Telescope. 
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